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In  this  study,  we  report  a  composite  film  composed  of  the  cobalt  sulfide  (C0S1.097)  nanoclusters/multi¬ 
wall  carbon  nanotube  nanocomposites  (MWCNT@C0S1.097)  embedded  polyaniline  (PANI)  film  (denoted 
as  PANI/MWCNT@CoSi.o97)  by  an  in  situ  electropolymerization  onto  a  fluorinated  tin  oxide  (FTO)  glass 
substrate  as  a  counter  electrode  (CE)  for  Pt-free  dye-sensitized  solar  cells  (DSCs)  for  the  first  time.  The 
extensive  cyclic  voltammograms  (CVs)  and  electrochemical  impedance  measurements  show  the  PANI/ 
MWCNT@C0S1.097  CE  with  an  enhanced  electrocatalytic  activity  for  If  reduction  compared  to  PANI  and 
MWCNT@C0S1.097  CEs.  Moreover,  the  peak  current  densities  of  the  PANI/MWCNT@CoSi.o97  CE  show  no 
sign  of  degradation  after  consecutive  200  CV  tests,  suggesting  its  great  chemical  and  electrochemical 
stability.  Furthermore,  the  DSC  based  on  the  in  situ  electropolymerized  PANI/MWCNT@CoS  1.097  CE 
achieves  an  improved  photovoltaic  conversion  efficiency  of  7.02%,  which  is  higher  than  those  of  the  DSCs 
with  PANI  CE  (6.06%)  and  with  MWCNT@C0S1.097  CE  (5.54%),  and  is  even  comparable  to  that  of  the  DSC 
using  the  Pt  CE  (7.16%).  Therefore,  the  PANI/MWCNT@CoSi.o97  CE  can  be  regarded  as  a  promising  alter¬ 
native  CE  for  Pt-free  DSCs. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 
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Dye-sensitized  solar  cells  (DSCs)  based  on  a  dye-sensitized 
nanocrystalline  semiconductor  anode,  an  electrolyte  containing 
triiodide/iodide  (73  //— )  redox  couple  and  a  Pt  coated  counter  elec¬ 
trode  (CE)  have  attracted  widespread  attentions  as  a  promising 
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alternative  to  conventional  p-n  junction  solar  cells  due  to  their  low 
cost,  relatively  high  power  conversion  efficiency  (PCE),  and  ease  of 
fabrication  [1—3].  As  a  crucial  component  in  DSCs,  the  CE  is  func¬ 
tionalized  to  enable  the  transfer  of  electrons  from  the  external 
circuit  back  to  the  I3  species  and  catalyzes  the  reduction  of  I3  to  I~ 
at  the  CE/electrolyte  interface.  Fluorine-doped  tin  oxide  (FTO)  glass 
substrate  loaded  with  noble  Pt  is  commonly  used  as  the  CE  catalytic 
material  due  to  its  high  conductivity,  electrocatalytic  activity  and 
chemical  stability  [4,5  .  However,  in  view  of  the  scarce  Pt  resource, 
extensive  attempts  have  been  made  to  seek  alternative  CE  mate¬ 
rials,  including  carbon  materials  [6-8  ,  conducting  polymers 
[9-14],  inorganic  materials  15-19]  the  composites  of  the  previous 
materials  [20-37],  and  alloy  compounds  [38-40]. 

Among  various  conducting  polymers,  polyaniline  (PANI)  has 
attracted  extensive  research  interests  as  one  of  the  most  promising 
candidates  for  noble  Pt  CE  due  to  its  exceptional  electrochemical 
activity,  high  environmental  stability  and  low  cost.  In  additional  to 
the  electrocatalytic  activity  for  I3  reduction,  the  electrical  conduc¬ 
tivity  of  a  non-Pt  CE  also  plays  a  crucial  role  in  determining  the  DSC 
performance.  Biurdo  and  Viswanathan  reported  that  PANI/graphite 
possessed  an  improved  electrical  conductivity  compared  with  that 
without  graphite,  which  can  be  ascribed  to  the  formation  of  a 
highly  conductive  matrix  by  the  conducting  polymer  around  the 
graphite  [34  .  Thus,  Huang  et  al.  21  successfully  incorporated 
nanographite  into  the  highly  conducting  PANI  matrix  as  a  com¬ 
posite  CE.  The  DSC  assembled  with  the  composite  CE  achieved  a 
PCE  of  7.07%,  up  to  98%  of  that  using  a  Pt  CE.  Furthermore,  our  group 
proposed  a  two-step  method  to  prepare  PANI/multi-wall  carbon 
nanotube  (MWCNT)  composite  CE  via  electrophoresis  of  MWCNTs 
onto  an  FTO  substrate  and  then  subjected  to  PANI  electro¬ 
polymerization  [32].  The  DSC  based  on  the  two-step  synthesized 
PANI/MWCNT  composite  CE  showed  a  significantly  improved  PCE 
of  6.24%  compared  to  that  of  the  DSCs  with  PANI  or  MWCNT  CE. 

On  the  other  hand,  MWCNT  has  been  used  as  a  potential  alter¬ 
native  CE  material  owing  to  its  highly  specific  surface,  superior 
electronic  conductivity,  excellent  mechanical  strength  and  good 
chemical  stability  [41  .  However,  its  intrinsically  electrocatalytic 
activity  for  I3  reduction  is  not  satisfactory  [26-32  .  To  achieve  a 
comparable  electrocatalytic  activity  to  Pt  CE,  the  surface  of 
MWCNTs  have  decorated  with  several  functional  materials  with  the 
intrinsically  high  electrocatalytic  activity.  For  instance,  Li  et  al.  [26] 
dispersed  highly  electrocatalytic  TiN  nanoparticles  on  the  surface  of 
MWCNTs,  and  obtained  an  improved  electrocatalytic  activity  and 
photovoltaic  performance.  Song  et  al.  27]  showed  an  enhanced  PCE 
of  6.74%  for  the  DSC  with  the  MoN/MWCNT  composite  CE,  which 
was  much  higher  than  that  of  the  DSC  using  the  MoN  nanoparticle 
CE  (5.57%).  They  claimed  that  the  improvement  is  mainly  attributed 
to  a  synergistic  effect  between  the  MoN  nanoparticles  and  CNTs  on 
ion  diffusion  and  electrocatalysis.  In  additional  to  the  transition 
metal  nitrides,  transition  metal  sulfides  have  recently  acted  as  the 
electrocatalytic  materials  in  DSCs.  Our  group  synthesized  a  nano¬ 
composite  composed  of  few-layer  M0S2  nanosheets  grown  on  the 
surface  of  MWCNTs  [29  .  The  DSC  assembled  with  the 
MWCNT@MoS2  composite  CE  achieved  a  comparable  PCE  to  that 
with  Pt  CE.  Furthermore,  we  hydrothermally  synthesized  one¬ 
dimensional  material  composed  of  C0S1.097  nanoclusters  grown 
on  the  backbone  of  MWCNTs  (denoted  as  MWCNT@C0S1.097).  It  was 
observed  that  an  enhanced  PCE  was  achieved  based  on  the 
MWCNT@C0S1.097  composite  catalytic  film  [30  .  However;  organic 
binders  were  still  used  in  these  studies  to  improve  the  adhesion 
with  the  FTO  glass  substrates,  thus  possibly  resulting  in  the  extra 
resistance  in  DSCs. 

In  this  current  work,  we  have  successfully  in  situ  electro- 
polymerized  PANI/MWCNT@CoSi.o97  composite  catalyst  toward  I3 
reduction  in  dye-sensitized  solar  cells  for  the  first  time.  Prior  to  the 


in  situ  electropolymerization,  MWCNT@C0S1.097  nanocomposites 
were  synthesized  via  a  facile  hydrothermal  method  and  aniline 
(ANI)/MWCNT@CoSi.o97  composites  were  then  synthesized  by  a 
continuous  reflux  method.  Owing  to  the  lacking  in  the  in¬ 
terconnections  among  the  MWCNT@C0S1.097  nanocomposites  and 
the  poor  adhesion  with  the  FTO  glass  substrate,  the  PANI  con¬ 
ducting  polymer  network  not  only  served  a  perfect  conducting 
linker  between  the  intrinsically  electrocatalytic  MWCNT@C0S1.097 
nanocomposites  and  the  FTO  glass  substrate,  but  also  provided  a 
conducting  matrix  to  facilitate  electron  transfer.  When  compared  to 
the  DSC  assembled  with  the  PANI  or  MWCNT@C0S1.097  CE  alone, 
the  device  using  the  in  situ  electropolymerized  PANI/ 
MWCNT@C0S1.097  composite  CE  exhibited  an  enhanced  electro¬ 
catalytic  activity,  thereby  achieving  an  improved  PCE  of  7.02%  to 
those  of  DSCs  with  the  PANI  CE  and  MWCNT@C0S1.097  CE  alone, 
which  was  even  found  to  be  comparable  to  that  of  a  cell  using  a 
conventional  sputtered  Pt  CE  (7.16%). 

2.  Experimental 

2.1.  Fabrication  of  CEs 

Firstly,  MWCNT@C0S1.097  nanocomposites  were  prepared  by 
basically  following  our  previous  study  [30  .  In  brief,  the  30  mg  acid- 
treated  MWCNTs  was  added  into  an  aqueous  solution  (60  mL) 
containing  0.05  M  glucose  and  subjected  to  ultrasonication  for  1  h 
to  make  a  homogeneous  dispersion.  Then,  1.6  g  of  C0CI2  •  6H2O  (98%, 
Acros),  5  g  of  thiourea  was  added  into  the  MWCNTs  suspension 
solution.  After  being  stirred  for  10  min,  the  precursor  solution  was 
transferred  into  a  Teflon-lined  stainless  steel  autoclave  (150  mL). 
After  assembling,  the  autoclave  was  heated  at  110  °C  for  4  h,  fol¬ 
lowed  by  at  240  °C  for  12  h  and  then  cooled  to  room  temperature. 
Finally,  the  precipitate  was  filtered  off,  washed  with  distilled  water 
and  dried  at  ambient  atmosphere.  The  MWCNT@C0S1.097  nano¬ 
composites  were  further  filtered  by  suction  filtration,  washed 
thoroughly  with  deionized  water.  It  should  be  noted  that  the 
loading  of  C0S1.097  on  the  MWCNTs  was  around  51  wt%  as  deter¬ 
mined  by  using  thermogravimetric  analysis  in  our  previous 
work  [30]. 

Prior  to  the  following  preparation  of  CEs,  the  FTO  glass  sub¬ 
strates  were  first  washed  with  a  neutral  cleaner,  deionized  water, 
acetone,  and  isopropanol  by  ultrasonication  for  10  min,  sequen¬ 
tially,  and  then  treated  with  O2  plasma  (PDC-32G,  HARRICK 
PLASMA)  for  30  s  to  further  clean  the  FTO  surface.  After  that,  the 
obtained  MWCNT@C0S1.097  nanocomposites  were  suspended  in  a 
1:1  mixture  of  acetone  and  ethanol  by  ultrasonication  for  2  h. 
Subsequently,  the  aqueous  solution  containing  MWCNT@C0S1.097 
suspension  in  the  concentration  of  5.0  mg  mL-1  was  drop-casted 
onto  the  cleaned  FTO  glass  substrates  (7  O  sq_1,  NSG)  and  sub¬ 
jected  to  be  dried  at  50  °C  for  30  min  to  obtain  the 
MWCNT@C0S1.097  CEs. 

As  for  the  PANI/MWCNT@CoSi.o97  CE,  the  ANI  medium,  con¬ 
taining  0.5  wt%  of  MWCNT@C0S1.097  composites,  was  refluxed  at 
220  °C  for  4  h  to  prepare  the  ANI/MWCNT@CoSi.o97  composites. 
The  in  situ  electropolymerization  of  PANI/MWCNT@CoSi.o97  com¬ 
posite  films  onto  cleaned  FTO  glass  substrates  were  carried  out 
using  a  Zahner  electrochemical  workstation  (Zahner-Elektrik 
Gmbh  &  Co.  KG,  Germany)  from  a  simple  deposition  bath  (50  mL) 
containing  1.0  M  ANI/MWCNT@CoSi.o97  composites  and  2.0  M  HC1 
in  a  three  compartment  cell,  in  which  a  cleaned  FTO  glass  substrate 
and  a  Pt  wire  were  employed  as  a  working  electrode  and  a  counter 
electrode,  respectively,  in  addition  to  a  saturated  silver/silver 
chloride  (Ag/AgCl)  reference  electrode.  The  parameters  for  the  in 
situ  electropolymerization  of  PANI/MWCNT@CoSi.o97  CE  were  set 
with  1.3  V  pulse-on  potential,  0.2  V  pulse-reversal  potential,  1  s 
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pulse-on  period,  0.5  s  pulse-reversal  period,  and  a  total  duration 
time  of  150  s.  The  PANI  CE  was  fabricated  with  the  same  pulse 
parameters  in  the  aqueous  consisting  of  ANI  monomers  alone.  The 
obtained  PANI  MWCNT@C0S1.097  and  PANI  CEs  were  rinsed  with  a 
diluted  hydrochloric  solution  and  distilled  water,  and  then  dried 
under  a  cool  air  flow.  For  comparison,  ca.  100  nm  thick  of  Pt  layer 
was  sputtered  on  an  FTO  glass  substrate  by  means  of  a  dc  sputtering 
instrument  (ULVAC)  at  a  deposition  rate  of  0.28  nm  s_1. 

2.2.  Characterizations 

The  surface  features  of  the  PANI,  MWCNT@C0S1.097,  and  PANI/ 
MWCNT@C0S1.097  CEs  were  characterized  using  a  field-emission 
scanning  electron  microscopy  (FESEM;  JSM-7600F).  The  crystal 
structure  was  explored  by  means  of  X-ray  diffraction  (XRD;  Shi- 
madzu  Corporation)  analysis.  Fourier  transform  infrared  spectra 
(FTIR)  of  samples  were  recorded  on  a  Perkin  Elmer  Spectrum  Gx 
FTIR  Spectrometer  using  KBr  as  pellets.  The  cyclic  voltammetry  (CV) 
for  r/13  system  was  conducted  using  a  computer-controlled 
potentiostat  (PGSTAT320N,  Autolab)  in  the  potential  interval 
ranging  from  -0.4  V  to  0.4  V  vs.  Pt  at  a  scan  rate  of  10  mV  s-1.  CV 
tests  were  performed  in  a  3-methoxypropionitrile  solution 
composed  of  50  mM  Lil,  10  mM  I2,  and  500  mM  LiC104.  During  the 
CV  tests,  the  as-prepared  CE  acted  as  the  working  electrode  in  a 
three-electrode  one-compartment  cell,  in  addition  to  a  4  cm2  Pt 
sheet  auxiliary  electrode  and  a  Pt  wire  reference  electrode.  The 
electrochemical  impedance  spectroscopy  (EIS)  measurements  were 
carried  out  using  the  Zahner  electrochemical  workstation.  The 
symmetric  dummy  cells  were  assembled  for  EIS  studies.  The 
detailed  procedure  for  the  fabrication  of  the  symmetric  dummy  cell 
has  been  described  elsewhere  [21,31  .  The  impedance  studies  were 
carried  out  simulating  open-circuit  conditions  at  ambient  atmo¬ 
sphere,  and  the  impedance  data  covered  a  frequency  range  of 
10-1-106  Hz  with  zero  bias  potential  and  10  mV  of  amplitude, 
under  a  dark  condition.  The  resultant  impedance  spectra  were 
further  analyzed  using  the  Z-view  software.  The  redox  electrolyte 


consisting  of  1  M  1,3-dimethylimidazolium  iodide  (Merck),  0.5  M  4- 
tert-butyl pyridine  (Aldrich),  0.15  M  iodine  (J.T.  Baker),  and  0.1  M 
guanidine  thiocyanate  (Aldrich)  in  3-methoxypropionitrile  (Acros) 
was  employed  for  the  EIS  measurements. 

2.3.  Photo  electro  chemical  measurements 

First,  the  cleaned  FTO  glass  substrates  were  immersed  in  a  bath 
of  40  mM  solution  of  aqueous  TiCl4  at  70  °C  for  30  min  and  sub¬ 
jected  to  be  rinsed  with  deionized  water,  which  can  further 
improve  the  adhesion  of  the  following  prepared  Ti02  layer  onto  the 
FTO  glass  substrates.  The  12  pm  dense  nanocrystalline  Ti02  layer 
(ETERDSCTi-2105A,  Eternal  Chemical  Co.)  and  4  pm  scattering  Ti02 
layer  (ETERDSC  Ti-2325,  Eternal  Chemical  Co.)  were  subsequently 
coated  onto  the  FTO  glass  substrates  by  using  a  semiautomatic 
screen  printer  (ATMA,  AT45PA),  followed  by  gradually  sintering 
under  an  air  flow  at  150  °C  for  10  min,  325  °C  for  5  min,  375  °C  for 
5  min,  450  °C  for  15  min.  The  resulting  Ti02  photoanodes  were 
further  sensitized  by  immersing  them  into  an  ethanol  solution 
consisting  of  0.3  mM  N719  dye  (Everlight  Chemical  Industry  Co.)  at 
40  °C  for  4  h,  followed  by  air  drying.  After  dye  adsorption,  a  Ti02 
photoanode  was  assembled  with  a  CE.  Then  the  electrolyte 
(aforementioned  in  the  EIS  testing  electrolyte)  was  injected  into  the 
cell  through  the  predrilled  holes  on  the  CE  side.  The  photocurrent 
density-voltage  characteristic  was  carried  out  using  a  computer- 
controlled  Keithley  2400  source  meter  under  illumination  by  a 
solar  simulator  (Yamashita  Denso  YSS-150A).  During  the  mea¬ 
surements,  the  incident  light  intensity  and  the  active  cell  area  were 
controlled  at  100  mW  cm-2  (AM  1.5)  and  0.16  cm2,  respectively. 

3.  Results  and  discussion 

Fig.  1  presents  the  top-view  FE-SEM  images  of  (a)  bare  FTO  glass 
substrate,  (b)  PANI,  (c)  MWCNT@C0S1.097,  and  (d)  PANI/ 
MWCNT@C0S1.097  CEs.  Compared  to  the  bare  FTO  glass  substrate, 
the  morphology  with  the  interconnected  PANI  nanofibers  was 


Fig.  1.  FESEM  images  of  the  (a)  FTO  glass  substrate,  (b)  PANI,  (c)  MWCNT@C0S1.097,  and  (d)  PANI/MWCNT@CoS1.097  CEs. 
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presented  for  the  PANI  CE  prepared  by  using  the  pulsed  electro¬ 
polymerization  method.  As  for  the  MWCNT@C0S1.097  CE,  it  can  be 
found  that  the  MWCNT@C0S1.097  piled  up  on  the  FTO  glass  sub¬ 
strate  with  a  weak  adhesion.  In  order  to  utilize  the  excellent  elec- 
trocatalytic  activity  of  MWCNT@C0S1.097  nanocomposites,  it  is 
necessary  to  improve  the  poor  interconnections  among  the 
MWCNT@C0S1.097  nanocomposites  and  the  weak  adhesion  be¬ 
tween  the  MWCNT@C0S1.097  nanocomposites  and  the  FTO  glass 
substrate.  Fig.  Id  apparently  shows  that  the  MWCNT@C0S1.097 
nanocomposites  were  successfully  incorporated  into  the  highly 
conducting  PANI  matrix  in  the  form  as  PANI/MWCNT@CoSi.o97 
composite  film  on  an  FTO  glass  substrate  after  the  in-situ 
electropolymerization. 

To  further  identify  the  incorporation  of  MWCNT@C0S1.097  into 
the  conducting  PANI  matrix,  XRD  analyses  were  carried  out.  Fig.  2a 
presents  the  XRD  pattern  for  the  bare  FTO  glass  substrate.  Never¬ 
theless,  it  is  observed  that  the  diffraction  signals  of  PANI  coated  on 
an  FTO  glass  substrate  are  almost  the  same  with  those  presented  for 
the  FTO  glass  substrate  except  a  weak  broad  peak  at  around  25°, 
suggesting  the  conducting  PANI  nanofibers  possibly  with  the  poor 
crystallization.  It  should  be  noted  that  the  characteristic  peak  at 
around  25°  can  be  ascribed  to  the  (200)  crystal  orientation  of  PANI 
[42,43].  In  addition,  Fig.  2c  displays  the  XRD  pattern  of  the 
MWCNT@C0S1.097  CE,  in  which  three  obvious  diffraction  peaks 
located  at  around  31°,  36°,  and  48°  can  be  indexed  to  the  diffraction 
signals  of  C0S1.097  [30,44].  In  our  previous  study,  we  found  that 
the  diffraction  intensity  for  the  CNTs  became  much  lower  after 
highly  covered  with  C0S1.097  nanoclusters  [30].  When  the 
MWCNT@C0S1.097  nanocomposites  are  loaded  on  the  FTO  substrate, 
the  diffraction  peaks  from  the  MWCNTs  is  hardly  observed  ac¬ 
cording  to  the  strong  intensity  from  the  FTO  substrate.  As  for  the 
XRD  pattern  of  the  PANI/MWCNT@CoSi.o97  CE,  it  illustrates  the 
same  diffraction  peaks  with  those  presented  for  the 
MWCNT@C0S1.097  CE  except  the  weak  broad  peak  at  around  25° 
originating  from  the  PANI  nanofibers.  These  results  indicate  most 
likely  that  the  PANI/MWCNT@CoSi.o97  composite  was  successfully 
electropolymerized  onto  the  FTO  glass  substrate. 

To  further  examine  the  chemical  composition  of  the  composite, 
the  FTIR  analyses  of  the  PANI,  MWCNT@C0S1.097,  and  PANI/ 
MWCNT@C0S1.097  were  conducted  and  illustrated  in  Fig.  3.  The 


2  theta  /  degree 


Fig.  2.  XRD  patterns  of  (a)  FTO  glass  substrate,  (b)  PANI,  (c)  MWCNT@C0S1.097,  and  (d) 
PANI/MWCNT@CoSi.o97  CEs.  #  and  *  indicate  the  diffraction  peaks  for  PANI  and  C0S1.097, 
respectively. 


Wavenumber  /  cm’1 


Fig.  3.  FTIR  spectra  of  PANI,  MWCNT@CoS1.097,  and  PANI/MWCNT@CoS1.097. 

characteristic  absorption  bands  of  the  PANI  nanofiber  located  at 
1554  and  1484  cm-1  can  be  attributed  to  the  C=C  stretching  of 
quinoid  ring  and  benzenoid  deformation  of  PANI,  respectively.  The 
C-N  stretching  mode  and  bending  mode  are  also  observed  at  1295 
and  1238  cm-1,  respectively.  Furthermore,  the  C-H  bending  of  the 
quinoid  ring  at  1129  cm-1  is  found  [22  .  As  can  be  seen  in  the 
MWCNT@C0S1.097  curve,  the  absorption  bands  at  1575,  1144,  and 
1101  cm'1  are  associated  with  the  stretching  of  the  carbon  nano¬ 
tube  backbone  [45  .  Notably,  the  spectrum  of  PANI/ 
MWCNT@C0S1.097  exhibits  the  combined  vibrational  bands  illus¬ 
trated  in  PANI  and  MWCNT@C0S1.097  with  little  excursion.  The  FTIR 
spectra  therefore  indicate  that  the  MWCNT@C0S1.097  nano¬ 
composites  were  successfully  incorporated  into  the  conducting 
PANI  matrix,  which  is  accordance  with  the  findings  from  FESEM 
and  XRD  analyses. 

To  obtain  insight  into  the  reaction  kinetics  and  electrocatalytic 
activities  of  the  as-prepared  PANI,  MWCNT@C0S1.097  and  PANI/ 


Fig.  4.  CV  curves  of  /  //3  redox  species  for  Pt,  PANI,  MWCNT@C0S1.097,  and  PANI/ 
MWCNT@CoS1.097  CEs. 
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Table  1 

Electrochemical  parameters  for  various  CEs. 


CE 

AEp 

(mV) 

Rs(O) 

Rt(Q) 

^CPE 

(mF) 

^CT  (£1) 

Zn(Q) 

Pt 

250 

13.81 

— 

0.19 

2.47 

3.89 

PANI 

401 

17.02 

2.46 

1.41 

3.67 

9.79 

MWCNT@CoS1.097 

359 

18.22 

2.89 

1.82 

4.83 

12.22 

PANI /MWCNT@CoS !  .097 

289 

17.31 

2.64 

2.37 

3.02 

7.92 

MWCNT@CoSi.o97  CEs,  CVs  were  carried  out  and  the  resultant  CV 
curves  are  illustrated  in  Fig.  4.  All  CEs  show  a  pair  of  oxidation  and 
reduction  peaks,  the  redox  pair  is  attributed  to  the  reaction  of 
I3  +  2e~  <-+  3 1~,  which  is  directly  related  to  the  photovoltaic  per¬ 
formance  [46,47].  It  is  well  known  that  the  peak  separation  be¬ 
tween  the  anodic  and  cathodic  peaks,  A EP,  is  inversely  associated 
with  the  rate  of  the  corresponding  redox  reaction  [48].  The  corre¬ 
sponding  AEp  values  for  the  aforementioned  CEs  are  summarized  in 
Table  1.  As  can  be  seen  in  Table  1,  the  significantly  decreased  AEP  is 
found  when  the  MWCNT@C0S1.097  composites  are  incorporated 
into  the  conducting  PANI  matrix.  This  is  immediately  responsible 
for  the  lower  overpotential  losses  in  the  PANI/MWCNT@CoSi.o97  CE 
than  PANI  or  MWCNT@C0S1.097  CE-  Furthermore,  the  PANI/ 
MWCNT@C0S1.097  CE  presents  the  largest  redox  current  densities 
among  all  CEs,  signifying  its  larger  active  surface  area  for  I3  //"  redox 
reaction.  These  can  be  due  to  its  superior  electrocatalytic  activity 
from  the  MWCNT@C0S1.097  nanocomposites  and  the  highly  con¬ 
ducting  matrix  from  the  PANI  nanofibers  structure.  Fig.  5a  shows 
200  consecutive  CV  curves  of  the  PANI/MWCNT@CoSi.o97  CE.  In  the 
consecutive  200-cycle  CV  tests,  the  redox  current  densities  are 
increased  at  the  first  30  CV  cycles.  However,  the  CVs  do  not  change 
after  30  CV  cycles  possibly  due  to  the  fact  that  the  electrolyte  in¬ 
filtrates  into  the  PANI/MWCNT@CoSi.o97  film  completely  until  30 
CV  cycles.  Additionally,  the  correlations  between  the  redox  peak 
current  densities  and  the  cycle  numbers  are  summarized  in  Fig.  5b. 
After  the  first  30  cycles,  both  redox  peak  current  densities  retain 
stable  with  increasing  the  cycle  number,  even  up  to  200  cycles, 
signifying  that  the  in  situ  electropolymerized  PANI/ 
MWCNT@C0S1.097  composite  film  possesses  excellent  chemical  and 
electrochemical  stability  [49]. 

To  elucidate  the  electrocatalytic  activities  of  the  CEs  for  the 
reduction  of  J3 ,  EIS  measurements  were  further  performed.  Fig.  6 
represents  the  Nyquist  plots  obtained  from  various  symmetric 
dummy  cells  composed  of  two  identical  CE  materials.  The  intercept 
of  the  real  axis  at  high  frequency  is  the  ohmic  series  resistance  (R$) 
including  the  sheet  resistance  of  two  identical  CEs  and  the  elec¬ 
trolytic  resistance.  The  semicircle  at  high-frequency  region  refers  to 
the  charge-transfer  resistance  (Act)  of  the  I3  reduction  at  the  redox 


Potential  /  V  vs.  Pt 


electrolyte/CE  interface,  whereas  the  semicircle  at  low-frequency 
region  represents  the  Nernst  diffusion  impedance  (Zjy)  corre¬ 
sponding  to  the  diffusion  resistance  of  the  r/JT  redox  species  in  the 
bulk  electrolyte.  The  constant  phase  element  (CPE)  is  frequently 
used  to  describe  deviation  from  the  ideal  capacitance  due  to  the 
electrode  surface  roughness.  It  should  be  noted  that  the  impedance 
of  the  carbon-based  and  polymer-based  CE  originating  from  the 
charge  transport  in  the  catalysts  cannot  be  ignored,  due  to  their 
relatively  lower  electrical  conductivity  compared  with  that  of  the  Pt 
catalyst.  Therefore,  an  element  (Rj)  representing  the  impedance  for 
the  charge  transport  resistance  in  the  PANI,  MWCNT@C0S1.097  and 
PANI/MWCNT@CoSi.o97  films  is  introduced  to  the  corresponding 
equivalent  circuit  [50  .  Fig.  SI  a  illustrates  the  equivalent  circuit 
model  employed  to  simulate  the  EIS  spectrum  of  the  Pt  CE,  while 
Fig.  Sib  represents  the  equivalent  circuit  models  used  to  simulate 
the  resultant  EIS  spectra  of  PANI,  MWCNT@C0S1.097,  and  PANI/ 
MWCNT@C0S1.097  CEs.  The  obtained  impedance  parameters  are 
also  summarized  in  Table  1.  Interesting,  it  reveals  a  slightly  lower  Rs 
value  of  17.31  Q  for  the  PANI/MWCNT@CoSi.o97  CE  compared  to  the 
MWCNT@C0S1.097  CE  (18.22  Q).  This  can  be  ascribed  to  the  fact  that 
the  incorporation  of  the  conducting  PANI  matrix  indeed  improves 
the  linkage  among  the  MWCNT@C0S1.097  nanocomposites,  as  well 
as  the  adhesion  between  the  MWCNT@C0S1.097  nanocomposites 
and  the  FTO  glass  substrate,  thus  resulting  in  improved  charge 
transfer  at  the  FTO/CE  interface  [23,24].  On  the  other  hand,  the  Rcr , 
a  direct  measure  of  the  electrocatalytic  activity  of  a  CE,  can  be 
calculated  as  half  of  the  value  obtained  from  the  Z-view  fitting 
owing  to  the  symmetric  configuration  of  the  dummy  cell.  The  Rqt 
obtained  for  the  PANI/MWCNT@CoSi.097  CE  (3.02  0)  is  relatively 
lower  when  compared  to  the  PANI  CE  (3.67  0)  and 

MWCNT@C0S1.097  CE  (4.83  0).  This  improvement  can  be  attributed 
to  the  enhancement  of  the  electrocatalytic  activity  via  the  incor¬ 
poration  of  highly  intrinsic  electrocatalytic  MWCNT@C0S1.097 
nanocomposites  and  the  improvement  of  the  linkage  of 
MWCNT@C0S1.097  nanocomposites  and  the  adhesion  between  the 
MWCNT@C0S1.097  nanocomposites  and  the  FTO  substrate  by  the 
conducting  PANI  matrix  [23,24,51,52].  Thus,  the  PANI/ 
MWCNT@C0S1.097  CE  prepared  by  the  in  situ  electropolymerization 
shows  comparable  Rcr  value  for  I3  reduction,  as  compared  to  the  Pt 
CE  (2.47  Q).  Moreover,  the  Zjv  arises  from  limitations  in  the  mass 
transportation  of  the  electrolyte,  especially  when  considering  its 
transport  in  the  PANI,  MWCNT@C0S1.097  and  PANI/ 
MWCNT@C0S1.097  thick  films  the  diffusion  length  and  resisting 
force  of  the  electrolyte  diffusion  in  the  films  were  consequently 
increased,  and  thus  Zjv  in  these  films  cannot  be  ignored.  It  can  be 
found  that  the  PANI/MWCNT@CoSi.o97  CE  had  relatively  lower  Zjv 
(7.92  Q)  compared  with  PANI  (9.79  Q)  and  MWCNT@CoSi.097 
(12.22  Q)  CEs.  This  also  reveals  that  the  incorporation  of  highly 


Fig.  5.  (a)  A  total  of  200  consecutive  CVs  for  the  I2II  system  using  the  PANI/MWCNT@CoSi  097  CE  at  a  scan  rate  of  10  m  V  \  (b)  the  relationship  between  the  cycle  time  and  the 
redox  peak  current  for  the  PANI/MWCNT@CoSi.097  CE. 
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Fig.  6.  Nyquist  plots  for  the  symmetrical  cells  assembled  with  Pt,  PANI, 
MWCNT@CoSi.o97,  and  PANI/MWCNT@CoSi.097  CEs. 

electrocatalytic  MWCNT@C0S1.097  nanocomposites  in  the  con¬ 
ducting  PANI  matrix  with  the  abundant  pores,  which  are  able  to 
shorten  the  ion  diffusion  path  and  facilitate  ion  diffusion  transport. 
It  should  be  noted  that  the  CPE  magnitude  (Ycpe)  increases  in  the 
order  of  Pt  (0.19  mF)  <  PANI  (1.41  mF)  <  MWCNT@C0S1.097 
(1.82  mF)  <  PANI/MWCNT@CoSi.o97  (2.31  mF),  suggesting  the  same 
tendency  for  the  variance  in  active  surface  areas  of  the  CEs  [16  .  This 
reveals  that  PANI/MWCNT@CoSi.o97  CE  possesses  a  relatively 
higher  active  surface  area  for  I3  reduction,  as  confirmed  by  CV 
results. 

Fig.  7  gives  the  photocurrent  density-photovoltage  curves  of 
the  DSCs  based  on  Pt,  PANI,  MWCNT@C0S1.097,  and  PANI/ 
MWCNT@C0S1.097  CEs.  The  corresponding  values  of  short-circuit 
current  density  (/sc),  open-circuit  voltage  (Voc),  fill  factor  (FF), 
and  cell  efficiency  (77)  are  summarized  in  Table  2.  Notably,  the  DSCs 
based  on  Pt,  PANI,  and  PANI/MWCNT@CoSi.o97  CEs  have  compara¬ 
tively  similar  V0c  value  of  0.77  V.  This  is  due  to  the  Voc  value  is 


Fig.  7.  Photocurrent  density-voltage  characteristics  of  the  DSCs  based  on  Pt,  PANI, 
MWCNT@C0S1.097,  and  PANI/MWCNT@CoS1.097  CEs. 


mainly  determined  by  the  energy  level  difference  between  the 
Fermi  level  of  the  electron  in  Ti02  photoanode  and  the  redox  po¬ 
tential  of  the  electrolyte  [1,2],  since  these  DSCs  have  the  same 
components,  their  Voc  values  are  therefore  similar.  Nevertheless, 
the  poor  interconnections  between  MWCNT@C0S1.097  nano¬ 
composites  and  the  weak  adhesion  between  the  MWCNT@C0S1.097 
and  the  FTO  glass  substrate  would  reduce  the  electron  transfer  for 
the  MWCNT@C0S1.097  CE,  thus  leading  to  the  DSC  using  the 
MWCNT@C0S1.097  CE  with  poorer  Voc  (0.71)  and  FF  values  (0.59). 
The  PANI  CE  provides  better  adhesion  with  the  FTO  glass  substrate 
and  thus  the  DSC  based  on  the  PANI  CE  offers  relatively  higher  Voc 
(0.77),  FF  (0.62)  and  tj  (6.06%)  values.  With  regard  to  the  DSC  with 
the  PANI/MWCNT@CoSi.o97  CE,  the  tj  value  is  improved  to  7.02%, 
much  higher  than  PANI  (6.06%)  or  MWCNT@C0S1.097  (5.54%)  based 
DSC.  This  improvement  may  be  visually  ascribed  to  the  enhanced 
Jsc  and  FF.  This  is  because  the  intrinsically  high  electrocatalytic 
MWCNT@C0S1.097  nanocomposites  are  incorporated  into  the  con¬ 
ducting  PANI  matrix.  Thus  the  increased  active  electrocatalytic  sites 
from  the  MWCNT@C0S1.097  nanocomposites  and  the  faster 
electron-transfer  pathway  of  PANI  matrix  enhance  the  I3  reduction 
reaction  and  photogenerated  electron-transfer  at  redox  electrolyte/ 
CE  interface,  as  indicated  in  the  CV  and  EIS  tests  [29,53-55  . 
Although  the  DSC  assembled  with  the  PANI/MWCNT@CoSi.o97  CE 
has  a  lower  FF,  it  achieves  a  much  higher  Jsc,  which  resulted  in  a 
comparable  photovoltaic  performance  at  100  mW  cm-2  illumina¬ 
tion,  with  reference  to  the  DSC  using  the  Pt  CE  (7.16%).  It  should  be 
noted  that  the  mirror-like  sputtered  Pt  CE  has  not  only  high  elec¬ 
trocatalytic  activity,  but  also  high  reflection  of  light  to  increase  the 
inside  of  DSCs,  thus  enhancing  the  light-harvesting  efficiency  of 
DSCs  56].  With  regard  to  the  opaque  PANI/MWCNT@CoSi.o97  CE, 
this  effect  is  almost  completely  obstructed  (Fig.  S2).  Fig.  S3  further 
shows  long-term  stability  result  for  the  DSC  assembled  with  the 
PANI/MWCNT@CoSi.o97  CE,  in  which  the  at-rest  long-term  stability 
data  on  the  cell  efficiency  of  the  DSC  were  recorded  each  two  days 
over  a  period  of  two  weeks.  It  is  found  that  the  DSC  based  on  the 
PANI/MWCNT@CoSi.o97  CE  shows  the  reasonable  stability  in  the 
long-term  operation,  which  is  also  in  consistence  with  the  results 
from  the  aforementioned  consecutive  CV  scans. 

Finally,  Fig.  8  shows  the  possible  electrocatalytic  mechanisms  of 
PANI,  MWCNT@CoSt.097,  and  PANI/MWCNT@CoSi.097  CEs  toward  I3 
reduction  during  the  operation  of  the  DSC.  For  the  PANI  CE,  the 
PANI  shows  high  conductivity  and  great  adhesion  with  the  FTO 
glass  substrate,  thus  increasing  lots  of  electron  transport  paths 
between  the  PANI  and  FTO  glass.  However,  the  PANI  does  not 
belong  to  the  highly  intrinsic  electrocatalytic  material  because  PANI 
generally  has  to  possess  sufficiently  high  active  surface  area  to 
achieve  a  comparable  electrocatalytic  activity  to  conventional  Pt 
CE.  Although  the  MWCNT@C0S1.097  CE  has  an  obviously  highly 
intrinsic  electrocatalytic  activity  for  I3  reduction,  only  few  electron 
transport  paths  are  available  between  the  MWCNT@C0S1.097 
nanocomposites  and  the  MWCNT@C0S1.097  nanocomposites  and 
FTO  glass  substrate.  To  address  this  issue,  the  conducting  PANI 
matrix  in  the  PANI/MWCNT@CoSi.o97  composite  film  can  not  only 
serve  as  a  catalyst  but  also  as  a  conducting  linker  to  connect  the 
highly  intrinsic  electrocatalytic  MWCNT@C0S1.097  nanocomposites 
and  improve  the  adhesion  of  MWCNT@C0S1.097  nanocomposites 


Table  2 

Photovoltaic  parameters  for  the  DSCs  based  on  various  CEs. 


CEs 

Jsc  (mA  cm  2) 

> 

u 

£ 

FF 

7?(%) 

Pt 

13.77  ±  0.12 

0.77  ±  0.01 

0.68  ±  0.01 

7.16  ±  0.09 

PANI 

12.87  ±  0.22 

0.77  ±  0.01 

0.62  ±  0.01 

6.06  ±  0.13 

MWCNT@C0S1.097 

12.73  ±  0.27 

0.71  ±  0.02 

0.59  ±  0.02 

5.54  ±  0.28 

PANI/MWCNT@CoS1.097 

14.11  ±  0.16 

0.77  ±  0.02 

0.64  ±  0.01 

7.02  ±  0.15 
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Fig.  8.  Schematic  of  the  electrocatalytic  mechanisms  of  (a)  PANI,  (b)  MWCNT@CoS  1.097,  and  (c)  PANI/MWCNT@CoSi.097  CEs,  respectively. 


with  the  FTO  glass  substrate.  The  MWCNT@C0S1.097  nano¬ 
composites,  as  highly  active  sites,  demonstrate  some  dominant 
advantages  to  promote  the  fast  I3  reduction  reaction.  Moreover,  the 
porous  structure  from  the  PANI  nanofiber  morphology  and 
MWCNTs  can  facilitate  the  I3  species  diffusion.  As  a  result,  an 
apparent  synergistic  effect  in  the  electrocatalytic  activity  for  this 
composite  CE  can  be  expected. 

4.  Conclusions 

In  summary,  highly  electrocatalytic  PANI/MWCNT@CoSi.o97  CE 
was  successfully  in  situ  electropolymerized  onto  the  FTO  glass 
substrate  using  a  pulse  potentiostatic  electropolymerization 
method.  The  PANI/MWCNT@CoSi.o97  CE  showed  an  enhanced 
excellent  electrocatalytic  activity  for  the  /3/r  redox  reaction 
compared  to  PANI  CE  and  MWCNT@C0S1.097  CE  due  to  the 
interconnect  between  the  highly  intrinsic  electrocatalytic 
MWCNT@C0S1.097  nanocomposites  and  the  improvement  of  the 
adhesion  of  MWCNT@C0S1.097  nanocomposites  with  the  FTO  glass 
substrate  by  implement  of  the  conducting  PANI  matrix.  The  light- 
to-electric  energy  conversion  efficiency  of  this  Pt-free  DSC 
reached  7.02%,  which  is  up  to  95%  of  that  of  the  DSC  based  on  the 
conventional  Pt  CE  under  full  sunlight  illumination  (100  mW  cm-2, 
AM  1.5  G).  Therefore,  the  PANI/MWCNT@CoSi.097  CE  prepared  by 
the  in  situ  electropolymerization  technique  shows  a  great  potential 
as  a  low-cost  alternative  capable  of  noble  Pt  CE  for  large-scale  DSCs. 
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